Yeast strains in which the Ras-cyclic AMP (cAMP) pathway is constitutively active are sensitive to heat shock, whereas mutants in which the activity of this pathway is low are hyperresistant to heat shock. To determine the molecular basis for these differences, we examined the transcriptional induction of heat shock genes in various yeast strains. Activation of heat shock genes was attenuated in the strains in which the Ras-cAMP pathway is constitutively active. In contrast, in a strain deficient in cAMP production, several heat shock genes were induced by removal of cAMP from the medium. These results indicate that the Ras-cAMP pathway affects the induction of heat shock genes. In all of the mutants, heat shock transcription factor expression and activity were identical to those in wild-type cells. The response to heat shock in Ha-rastransformed rat fibroblasts was also studied. While no induction of Hsp68 was observed in Ha-ras-transformed cells, proper regulation of heat shock transcription factor was found. Therefore, in mammals, as in Saccharomyces cerevisiae, the Ras pathway controls the transcription of heat shock genes via a mechanism not involving the heat shock transcription factor.
The ras proto-oncogenes are highly conserved from yeasts to humans (reviewed in reference 12). These genes encode small membrane-associated GTP binding proteins that transduce signals generated at the cell surface to intracellular effectors (3, 7, 24, 59 ). The mammalian Ha-Ras protein seems to interact with the serine or threonine kinase Raf-1 (43, (77) (78) (79) 85) and somehow leads to its activation. This results in activation of a protein kinase cascade (18, 73, 83 ) that induces gene expression through phosphorylation of transcription factors (reviewed in reference 25). One transcription factor affected by Ha-Ras is c-Jun (6) , and another is NF-KB (17) . In addition to positive modulation of the transcription factors' activity, HaRas may also negatively regulate certain transcription factors.
In the yeast Saccharomyces cerevisiae, the Ras effector is adenylyl cyclase, encoded by the CYR1/CDC35 gene (reference 75 [reviewed in references 12 and 22] ). Thus the Ras proteins are involved in regulation of intracellular cyclic AMP (cAMP). In S. cerevisiae, cAMP is essential for traversing the start of the cell cycle at the G, phase. Mutants which cannot produce cAMP (for example, cyri cells, in which the adenylyl cyclase is not active) require external cAMP for growth. In the absence of cAMP, these cells arrest in G, or (in the case of diploid cells) sporulate even in rich medium (41, 64) . cAMP-deficient cells are also resistant to nutrient starvation and are hyperresistant to heat shock (26, 65) . On the other hand, mutants in which the Ras-cAMP pathway is constitutively active exhibit the opposite phenotype. Namely, they do not arrest in G1 upon starvation and are unable to sporulate. In addition, these cells cannot utilize nonfermentable sugars as carbon sources and are hypersensitive to nitrogen starvation and heat shock (31, 58, 65, 74) . This phenotype is observed in strains that express the activated Ras2va-19, which is equivalent to the mammalian Ha-Rasva l2, or the bcyl mutation, in which the catalytic * Corresponding author. Phone: (619) 534-1361. Fax: (619) 534-8158.
subunits of cAMP-dependent protein kinase (cPKA) are constitutively active (the BCY1 gene codes for the regulatory subunit of cPKA [74] ).
Many aspects of Ras signalling are similar in yeasts and mammals (2, 20, 40, 62) . It is not yet known, however, whether the effects of Ras activity on gene expression are similar in yeasts and in mammals. The fact that the effector of Ras in mammals is not adenylyl cyclase (4, 33) suggests that the downstream effects of Ras activation may not be evolutionarily conserved.
It was shown that expression of heat shock proteins (hsps) under nonshock conditions confers hyperresistance to heat shock (27, 42, 56) . Therefore, it seems reasonable that resistance and sensitivity to heat shock are mediated at the level of hsp gene transcription. Indeed, it was shown that cyri cells express three proteins with a molecular mass of 72 kDa (65) . These proteins, which were probably hsps, were not induced in the bcyl strain (65) . Other studies showed that one of the heat shock genes, SSA3, was activated in the cyril strain in the absence of heat shock (9, 80) . Also, the UBI4 gene, coding for polyubiquitin, was found to be regulated both by heat shock and cAMP (72) . It is still not known, however, whether the Ras-cAMP pathway is a general regulator of hsp gene expression. It is also not known whether mammalian Ha-Ras activation also affects hsp gene expression. Furthermore, both in yeasts and in mammals, the relationship between the Ras pathway and the heat shock transcription factor (HSF [described below]) has not been investigated.
Induction of hsp genes in response to heat shock is a well-characterized and evolutionarily conserved phenomenon (reviewed in references 5, 34, and 35) . The hsps exhibit a high degree of evolutionary conservation and, in addition to their protective role, are involved in regulation of normal cell functions (32, 35) . Many hsps were identified in yeast cells, and some of the respective genes have been cloned. Some of these genes are highly homologous to each other and form subfam- (14, 21, 30, 52, 60, 61, 70, 82) . The HSF acts as a multimer (50, 53, 81) and in most organisms binds the HSE only upon heat shock (36, 67, 68) . The S. cerevisiae HSF (yHSF) binds DNA before and after heat shock (68) and is phosphorylated in response to heat shock (68, 70) . The role of this phosphorylation has not been established. Little is known about the signal transduction pathway that senses the stress signal and leads to activation of HSF in yeasts or in higher eukaryotes.
We found that the mutations in the Ras-cAMP pathway had dramatic effects on induction of hsp genes. These effects are not mediated via yHSF, since its expression level and biological activity were found to be similar in all of the different strains. It seems, therefore, that the Ras-cAMP pathway controls expression of hsp genes via another factor or other factors. We also found that mammalian Ha-Ras affects hsp gene expression in fibroblasts. As in yeasts, the effect of mammalian Ha-Ras on hsp genes was not transmitted via HSF.
MATERIALS AND METHODS
Yeast strains and culture. Yeast strains used in this study are described in Table 1 in the presence of 133 mM KCl at 70°C for 3 min. The incubation mixture was allowed to cool slowly to 37°C, when avian myeloblastosis virus reverse transcriptase was added and used as described previously (55) . The primer extension products were separated on a 6% polyacrylamide-7.0 M urea gel.
(ii) S1 analysis. For S1 analysis of the rat HSP68 gene, 20 ,ug of RNA was coprecipitated with 0.1 pmol of oligonucleotide (100,000 cpm). Samples were denatured, hybridized, and subsequently treated with S1 nuclease as described previously (55) . S1 digestion products were ethanol precipitated and separated on an 8% polyacrylamide-7.0 M urea gel. The results of the primer extension and S1 analyses were quantitated with an LKB densitometer.
To distinguish between the highly homologous genes, specific oligonucleotides to be used as primers were designed and synthesized. The sequences of these oligonucleotides were complementary to the relevant RNAs in regions in which the homology to other heat shock genes is minimal. The following oligonucleotides were used: SSAJ, 5'-CGTCGAAAACGG TATTCGAAGGATTCAT-3' (66); SSA2, 5'-CGAAAACA GTGTTAGCTGGG-3' (66); SSA3, 5'-CACGAGTAAGTTG TTCCC-3' (8); SSA4, 5'-AGCATCGTTCGTCAC'llCTG GATCA-3' (10); HSC82, 5'-TATCTAAAGCATCGGAGG CG-3' (11); HSP26, 5'-GGTGCGTAGCCTCllAAGCCG-3' (71); HSPJ04, 5'-GATGTTGATGATCCGAAGCC-3' (48); rat HSC73, 5'-CCGCAGGTCCCTTAGACATG-3' (69); and mouse HSP68 (used for S1 analysis), 5'-GGGCGCCGGCGG GATGCCGCTCAGTTCGAAGCGCCCCAGCAGGTTGT TGTCGCGCGTCATGG-3' (37).
Oligonucleotides were synthesized with a gene assembler and were subsequently purified on a 12% polyacrylamide-7.0 M urea gel as described previously (55) .
Whole cells and nuclear extracts: DNA binding assays. Yeast cultures were grown and heat shocked as described for RNA preparations. For whole-cell extracts, 200-ml cultures were used. Cells were collected and washed with 50 ml of 200 mM Tris (pH 8.0), 400 mM (NH4)2S04, 10 mM MgCl2, 10% glycerol, 7.0 mM 3-mercaptoethanol, 1.5 mM phenylmethylsulfonyl fluoride, 150 jig of leupeptin per ml, 25 jig of pepstatin A per ml, 25 jig of benzamidine-HCl per ml, 5.0 jig of antipain per ml, 5.0 jig of chymostatin per ml, 10 jig of aprotinin per ml, 300 jig of 1,10-o-phenanthroline per ml, and 50 jig of bestatin per ml. The pellets were resuspended in 300 min and then loaded on a 4% polyacrylamide gel. The running buffer was 0.25 x Tris-borate-EDTA, and the gel was run for at least 6 h at 100 V. For competition assays (see Fig. 7 ), a reaction mixture in a volume of 160 jil was allowed to equilibrate for 20 min at 25°C, when cold oligonucleotide (5.0 ng) was added. Forty-microliter samples were loaded on the gel at the indicated time points. For alkaline phosphatase treatment, 15 jig of extracts was incubated in 23 mM HEPES (pH 8.0), 3 mM MgCl2, 50 mM NaCl, and 1 U of alkaline phosphatase (Boehringer Mannheim) for 30 min at 30°C.
Nuclear extracts of FR3T3 cells were prepared by resuspending the nuclei (1) in 100 jil of 20 mM HEPES (pH 7.9)-25% glycerol-0.4 M NaCl-1.0 mM EDTA-1.0 mM EGTA-2.5 mM dithiothreitol-5.0 jig of leupeptin per ml-1.5 mM phenylmethylsulfonyl fluoride and incubating the mixture for 30 min at 4°C. The mixture was centrifuged, and the supernatant was used for bandshift experiments under the same conditions described above for the yeast extracts.
Western blotting (immunoblotting The pCYC1-HSE-LacZ construct was described previously (82) . The plasmid was introduced into yeast cells by using the LiCl2-polyethylene glycol method (29) , and colonies were collected on SD plates lacking leucine. To measure ,B-galactosidase activity, cells were grown in minimal medium and heat shocked as described previously (47), but the heat shock period was 20 min. After treatment, cells were collected, resuspended in buffer Z, and assayed as described previously (1) .
RESULTS
The RAS2va'-l9 and bcyl strains survive heat shock of up to 420C. Cells that carry the RAS2val-l9 or the beyl mutations were shown to be heat shock sensitive (58, 74, 75) . Namely, they could not survive short exposure to 550C. To find heat shock conditions under which these strains remain viable, the mutants were heat shocked either after replica plating or in liquid culture (see Materials and Methods). Figure 1 shows the results of the replica plating assay. All of the strains survived heat shock treatment of up to 420C, but as expected, RAS2val-l9 and bcyl cells did not survive exposure to 550C. In the liquid culture assay, all of the mutants usually showed 100% viability after heat shock of 390C, although in some experiments the bcyl strain showed reduced viability. Reduced viability of this strain was also observed for cultures grown at 230C and therefore was not a result of the heat shock. On the basis of these observations, in subsequent experiments, all strains were treated at 390C for 20 min for inducing the heat shock response.
The resistance of the RAS2Va,-19 and bcyl strains to heat shock at 420C suggests that the biochemical machinery responsible for protecting the cells during heat shock is not completely defective in these mutants. Interestingly, the bcyl strain was more sensitive to heat shock than the RAS2val-,9 strain.
Induction of hsp gene transcription is attenuated in the RAS2VaI-l9 and beyl strains. To test the transcriptional response of the RAS2Va1-l9 and bcyl strains to heat shock, we analyzed the induction of hsp genes by primer extension (Fig.   2 ). Quantitative presentation of these data is depicted in Fig. 3 . It can be seen that the level of induction of all hsp genes analyzed is reduced in the mutant strains. Since the levels of SSA2 mRNA, which is a constitutively expressed member of the HSP70 family (34) , were similar in all of the strains, SSA2 mRNA was used for normalizing the results presented in Fig.  3 . The bcyl mutation had a more severe effect on the shock response than the RAS2Val-19 mutation. These differences VOL. 14, 1994 RAS2Val-l9 (lanes 3 and 4), and bcyl (lanes 5 and 6) strains is shown.
The sequences of the specific oligonucleotides used as primers are described in Materials and Methods. match the effect of the two mutations on heat resistance described above. Transcription of hsp genes in the cyri mutant is induced at 230C upon cAMP depletion. In contrast to the RAS2Va-l9 and bcyl strains, mutants in the CYR1 gene are more heat resistant than wild-type cells (26, 65) . The cyrl strain carries, in addition to a mutation in its cyrl gene, other mutations that confer its ability to incorporate cAMP from the growth medium (41) . This property of the cyrl strain allows accurate analysis of the effect of cAMP on gene expression. To check whether the increased resistance of the cyri strain correlates with expression of hsp genes, cyrl cells grown in the presence or absence of cAMP were analyzed for hsp gene expression (Fig. 4A) . While the presence or absence of cAMP in the growth medium had no effect on the induced level of the various hsp genes analyzed, we found that removal of cAMP led to partial induction of SSA1, SSA3, and HSP26 at 230C. A previous study described the induction of SSA3 by cAMP depletion but assumed that this induction was unique to this hsp gene (80 Next, we measured yHSF DNA binding activity in the various strains. yHSF binds to DNA before and after heat shock, while its electrophoretic mobility is retarded after heat shock (68) . This retardation is a result of yHSF phosphorylation that occurs concomitantly with its activation (68, 70) . As shown in Fig. 6A , yHSF binding activity was similar in SP1, RAS2Va-l9 and bcyl cells before and after heat shock and its electrophoretic mobility was retarded to a similar extent. In the cyri strain, the removal of cAMP did not affect the binding activity of yHSF or its electrophoretic mobility at 23°C, while heat shock resulted in retarded mobility (Fig. 6B) . The retarded mobility of the yHSF-HSE complex did indeed reflect increased protein phosphorylation, because alkaline phosphatase treatment increased the mobility of the complex formed by extracts of heat-shocked cells to the same level as that of the control cells (data not shown).
Although the yHSFs in all of the mutants exhibited similar levels of HSE binding activities, there could be subtle differences in the dissociation constants of the factor expressed in each mutant. To address this possibility, cold HSE oligonucleotide was added to the DNA binding reaction mixtures after they reached steady state (20 min at 25°C). At given time points, a sample from each reaction mixture was removed and analyzed by gel electrophoresis. The decreases in radioactivity associated with the yHSF-HSE complex were similar in both strains (Fig. 7) . In fact, it appears that the dissociation rate in the bcyl extract is somewhat slower than that in the SP1 extract. Therefore, the bcyl mutation does not decrease the stability of the yHSF-HSE complex.
To test the function of the yHSF in the different mutants in vivo, we used a reporter gene (pCYC-HSE-LacZ) that contains artificial HSEs upstream of the minimal promoter of the CYC1 gene. Similar constructs were used previously to study yHSF activity (30, 47, 68) . As shown in Fig. 8 , this reporter gene was inducible by heat shock in both RAS2Va-l9 and bcyl cells. The induction in RAS2VaI-lu was essentially equal to that in SP1, but the induction in bcyl was about 75% of the induction in the wild-type strain. This small decrease in yHSF activity cannot explain the strong effect of the bcyl mutation on induction of endogenous hsp genes. Collectively, these results suggest that the Ras-cAMP pathway does not affect induction of hsp genes via yHSF. Adrl is not a regulator of the heat shock genes. So far only one yeast transcription factor, Adrl, was shown to be regulated by cPKA (13) . Adrl is an activator of the glucose-repressed ADH2 gene, and its activity is suppressed in the bcyl strain (13, 16). To examine whether Adrl could be involved in modulation of hsp gene expression, we used a strain that carries a dominant ADRJ allele, ADR1-5C (16) . As shown in Fig. 9 , not one of the hsp genes tested was induced in the ADRJ-5C strain under nonshock conditions, suggesting that Adrl is not a positive regulator of any of them.
hsp gene induction is defective in Ha-Ras-transformed rat fibroblasts. Many aspects of the yeast Ras pathway are similar to the mammalian Ha-Ras pathway (2, 40, 62) . To determine whether mammalian Ha-Ras affects expression of mammalian hsp genes, we measured induction of HSP68 in rat fibroblasts (FR3T3), untransformed or transformed with Ha-ras. As shown in Fig. 1OA , expression of rat HSP68 (which is 76% homologous to yeast SSA1 [37] ) was rapidly induced upon heat shock in untransformed FR3T3 cells. This induction reached its peak after 15 (27, 42, 56 What is the mechanism by which Ras controls heat shock gene expression? Surprisingly, yHSF is normally expressed and regulated in the various mutant strains, including those in which the heat shock response is severely attenuated. Therefore, the Ras-cAMP pathway is unlikely to control the heat shock response through modification of yHSF. While cAMP depletion led to induction of hsp genes (Fig. 4) , it did not result in the characteristic change in yHSF electrophoretic mobility normally observed after heat shock (Fig. 6B) . Although the role of this phosphorylation event is not clear (67) , these findings suggest that induction due to cAMP depletion is not mediated through the yHSF either. In support of this conclusion, we find that only a subset of hsp genes are induced by cAMP depletion (Fig. 4) . The attenuation of hsp induction by activation of the Ras signalling pathway is more general and appears to affect all of the hsp genes that we examined (Fig. 2) .
This suggests the presence of a common control element in the promoter region of these genes. Since the HSE is the only known cis element common to all of these genes, it is quite puzzling how Ras can control the expression of such a large number of hsps without affecting the activity of yHSF. Boorstein and Craig identified a cAMP-responsive element in the promoter of SSA3 (9) . However, this sequence seems to be unique to SSA3 and requires an adjacent HSE for full activity (9) . A UAS which is regulated by cPKA has been recently characterized (39) in the promoter of the CTTI gene. The C7T1 promoter does not contain HSEs, but it was shown to respond to a variety of stress conditions (39) . It is possible that the promoters of many hsp genes contain an element with similar properties. Further studies are necessary to identify such elements and to reveal the mechanism by which Ras controls the expression of hsp genes.
The mammalian HSF is able to bind DNA in response to heat shock both in normal and in Ha-ras-transformed FR3T3 cells. Although the possibility remains that the HSF activity is suppressed by the Ha-ras pathway at another level of regulation, it could be that in mammalian cells, as in yeast cells, Ras controls heat shock gene expression through another factor or other factors. More studies of the mechanism of HSF regulation are required to reveal this issue.
The observation that, both in yeasts and in mammals, Ras controls transcription of similar genes is surprising, because in the two systems Ras regulates different biochemical pathways VOL. 14, 1994 (Rafl and MAP kinases in mammals [43, 73, 77-79, 83, 85] and adenylyl cyclase in yeasts [12, 75] (2, 20, 40, 62) , is also a relevant model organism for the study of Ras activity at the level of gene expression.
